The aim of this work was to assess the influence of nutritional intervention on inflammatory status and wellness in people with multiple sclerosis. To this end, in a seven-month pilot study we investigated the effects of a calorie-restricted, semi-vegetarian diet and administration of vitamin D and other dietary supplements (fish oil, lipoic acid, omega-3 polyunsaturated fatty acids, resveratrol and multivitamin complex) in 33 patients with relapsing-remitting multiple sclerosis and 10 patients with primary-progressive multiple sclerosis. At 0/3/6 months, patients had neurological examination, filled questionnaires and underwent anthropometric measurements and biochemical analyses. Serum fatty acids and vitamin D levels were measured as markers of dietary compliance and nutritional efficacy of treatment, whereas serum gelatinase levels were analyzed as markers of inflammatory status. All patients had insufficient levels of vitamin D at baseline, but their values did not ameliorate following a weekly administration of 5000 IU, and rather decreased over time. Conversely, omega-3 polyunsaturated fatty acids increased already after three months, even under dietary restriction only. Co-treatment with interferon-beta in relapsing-remitting multiple sclerosis was irrelevant to vitamin D levels. After six months nutritional treatment, no significant changes in neurological signs were observed in any group. However, serum levels of the activated isoforms of gelatinase matrix metalloproteinase-9 decreased by 59% in primary-progressive multiple sclerosis and by 51% in relapsing-remitting multiple sclerosis patients under nutritional intervention, including dietary supplements. This study indicates that a healthy nutritional intervention is well accepted by people with multiple sclerosis and may ameliorate their physical and inflammatory status.
Introduction
Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disease of the central nervous system (CNS), leading to disabilities in young adults, largely women. 1, 2 MS is a T-cell-mediated autoimmune disease occurring in genetically susceptible individuals, and characterized by focal breakdown of the myelin sheath and neuronal and axonal damage. 3, 4 Although multiple experimental models of MS have been developed, 5 they can facilitate the understanding of only particular aspects of MS pathogenesis and study of the disease in MS patients remain an essential issue for its treatment.
There are two main forms of the human disease: (i) the relapsing-remitting MS (RRMS) (about 85% of clinical cases), and [ii] the primary-progressive MS (PPMS) (about 15% of the clinical cases). 6, 7 RRMS is characterized by the presence of relapses, associated with systemic inflammation and lesions in the brain, followed by partial or complete remissions. RRMS usually evolves in secondary-progressive MS (SPMS). Conversely, the pathogenesis of PPMS is characterized by progressive neurological damages, rather than relapses and remissions. 7, 8 Disease-modifying therapies (DMT) are focused in the prevention of relapses by suppression of the immune system and are currently available only for RRMS. [9] [10] [11] They, can only slow disease progression and prevent some disability symptoms. This partial failure may be due to the fact that MS is a complex and multifactorial disease. In fact, in addition to the genetic and immunological components, various environmental and/or metabolic factors or conditions may have a role in its development: i) viral infections, [12] [13] [14] ii) heavy metal poisoning, 15, 16 iii) smoking, 14, 17 iv) childhood obesity, 18 v) incorrect life style, mostly including wrong dietary habits, 19, 20 or vi) low vitamin D status. 21 The most significant difference between the different causative agents listed above is that, unlike the others, dietary habits and lifestyle (v) and vitamin D levels (vi) can be modified to provide beneficial effects on the course of the disease. In fact, physical exercise, the assumption of ''healthy'' dietary factors, and restoration of optimal concentrations of vitamin D, have an anti-inflammatory action and may ameliorate the course of the disease.
However, although mounting evidence indicates that nutrition can play an important role in MS, MS therapy is not currently combined with any dietary and/or lifestyle recommendation. This may be due in part to the lack of information from clinical studies.
To date, only few clinical trials have been performed. They were focused on the administration of dietary supplements 22 or on the assignment diets low in saturated fat, either without supplements 23 or combined with omega-3 fatty acids supplements. 24, 25 Other clinical trials were based only on the administration of single dietary supplements such as vitamin D (several, mostly ongoing studies), fish oil (n-3 polyunsaturated fatty acids, PUFA), 26, 27 or lipoic acid. 28 No studies evaluated the effect of multiple dietary supplements in association to a fixed dietary regimen in MS patients, as in the present investigation.
In this framework, the main objective of our pilot study was to evaluate in a preliminary clinical trial, the effects of a low-energy diet, mainly based on the principles of the Mediterranean diet, combined with the administration of vitamin D 3 , and other dietary supplements (fish oil, lipoic acid, resveratrol, multivitamin complex), in MS patients with RRMS, under interferon-beta (IFN-b) treatment, or with PPMS.
Both the low-energy, mainly vegetarian diet and the dietary supplements were intended to down-regulate systemic inflammation and, in addition, restore or maintain a healthy symbiotic gut microbiota. This may be achieved by different mechanisms involving anti-inflammatory nuclear receptors, transcriptional factors and/or enzymes. 19, 20 In particular, the rationale for the administration of fish oil containing the n-3 PUFA, eicosapentanoic acid (EPA) and docosaexaenoic acid (DHA), was to rebalance towards higher levels the low ratio n-3/n-6 PUFA, which is often associated with the hyper-caloric diets rich in animal fats. 29 This allows the switch from a pro-inflammatory condition (due also to the synthesis of pro-inflammatory eicosanoids from the n-6 arachidonic acid [ARA]) towards a reduced inflammation, in a similar manner as statins 30, 31 and IFN-b 32, 33 do. Fish oil and n-3 PUFA inhibit the pro-inflammatory transcription factor nuclear transcription factor-kB (NF-kB) and lower the level of the gelatinase B, also known as matrix metalloproteinase-9 (MMP-9) (another important mediator of inflammation). 20, 25, 26, 34 In addition, n-3 PUFA have neuroprotective properties and may be very useful in the complementary treatment in MS patients. DHA is present at high concentration in the brain and its levels decreases dramatically in MS patients.
On the basis of its anti-inflammatory and neuroprotective action, fish oil supplementation was found to be highly effective in reducing the levels of cytokines and nitric oxide in patients with RRMS under treatment with IFN-b, 27 and in improving motor performances in healthy rat pups. 35 Finally, both EPA and DHA can form new anti-inflammatory bioactive molecules, called resolvins, protectins, and maresins, which are able to reduce cellular inflammation and inflammatory pain. [36] [37] [38] With regard to the other supplements, alfa-lipoic acid has immune-modulatory and anti-inflammatory properties, stabilizes the integrity of the blood-brain barrier (BBB) and stimulates the production of cAMP and the activity of protein kinase A. 39 Resveratrol, a non-flavonoid polyphenol, acts as a non-steroidal anti-inflammatory molecule, has neuroprotective effects, and reverses experimental allergic encephalomyelitis (EAE). 40, 41 With regard to vitamin D 3 , it is now known that, besides regulating bone metabolism, vitamin D 3 is involved in cell signaling and many metabolic processes, and this might explain why low levels of vitamin D 3 are associated with chronic inflammatory diseases. 42 Actually, vitamin D 3 insufficiency or deficiency has been observed in patients with MS, type 1 diabetes mellitus, inflammatory bowel disease (IBD) and systemic lupus erythematosus (SLE). On these grounds, the therapeutic effects of vitamin D 3 supplementation on MS severity and progression are becoming more and more attractive and interesting. Altogether, vitamin D and all the additional dietary supplements given in this study are able to up-regulate anti-inflammatory activity, down-regulate inflammation and protect the nervous system.
The efficacy of the nutritional treatment in this study was evaluated by several targets: i) neurological status, including the Disability and Fatigue Severity Scale; ii) compliance of MS patients to follow dietary restrictions and their appreciation of quality of life and evaluation of the Hamilton scale of depression; iii) inflammatory status as determined by the zymographic analysis of serum gelatinases, biochemical analysis and anthropometric measures; iv) wellness of PPMS patients; v) efficacy of RDA doses of vitamin D in restoring or sustaining sufficient levels of vitamin D; vi) compatibility of the chosen dietary regimen with IFN treatment in RRMS patients.
The study profile is described in Figure 1 . Forty-three patients were enrolled in the study (33F/10M, aged between 22 and 52 years; mean age 38 AE 8.45 years, [years of the disease from diagnosis: 9.0 AE 5.3]).
Patients were treated independently from this study. The 33 patients with RRMS were treated with IFNb-1b (Betaferon) or IFNb-1a (Rebif or Avonex). 43, 44 Of the 10 patients with PPMS, only one was under treatment with Copaxone.
Enrolled patients were randomly assigned to one of four treatment groups namely RRT, RRTD, RRTDI, and PPDI, where T is for therapy, D is for diet, and I is for dietary supplements. All patients received a weekly administration of 5000 IU of cholecalciferol (vitamin D 3 ), corresponding to a total of 914 IU/day (including the 200 IU administered daily with a multivitamin complex).
The differences among treatments in the four groups are reported below:
. RRT group included RRMS patients under therapy with IFN-b and administration of vitamin D 3 (cholecalciferol), but without dietary prescription or administration of dietary supplements. 
Enrollment
Allocation Intervention Follow up Analysis Figure 1 Study profile. RR: relapsing remitting; PP: primary progressive; T: therapy; D: diet; I: dietary supplements. Diets were primarily based on high intake of plantbased food, comprised of whole grains, legumes, vegetables, fruit, soy, but also yogurt and fishery products, and low intake of meat, saturated animal fat, fried food and trans fatty acids, sweetened drinks and alcohol. Vitamin D3 (cholecalciferol), 714 IU/day (5000 IU, once the week, for five months). Additional dietary supplements: 1) fish oil pearls containing n-3 polyunsaturated fatty acids: 5 g EPA þ DHA, 60 mg vit. E and 300 mg lipoic acid/day (for six months); 2) resveratrol 150 mg/day (for three months). 3) Multivitamin complex, 300 mg/day (for four months)
. RRTD group included RRMS patients that, in addition to IFN-b therapy and vitamin D administration, had a dietary prescription. . RRTDI group included RRMS patients under IFN-b therapy, vitamin D, and dietary restriction as in the group RRTD, but in addition had a daily consumption of dietary supplements. . PPDI group included patients with PPMS. All PPMS patients were under dietary control and received cholecalciferol and dietary supplements. One patient was under treatment with Copaxone.
At baseline and every three months the MS patients reached the Center for Multiple Sclerosis in the Hospital. In these occasions height, weight, waist and hip circumferences were measured and a blood sample (10 mL) was collected. Tubes were immediately centrifuged at 3000 g per 15 min at 4 C and stored at À20 C until analyses. During these occasions patients were also interviewed about their diets and physical activities and they were requested to drop the results of biochemical analyses that were performed during the previous week at a private laboratory.
Recommended diet and life style
A calorie-restricted diet of 1700-800 kcal was assigned to each subject. Diet, made of 50% carbohydrates, 30% fat (mainly from olive oil, fish and vegetables), and 20% proteins, was divided in five meals in the day, with typical glycemic loads of ca. 19, 12, 62, 12, 34, respectively. Diet was based on: 1) low intake or exclusion of salt, sugar, animal fat, red meat (allowed only once-twice the week); fried food (every two weeks); processed condiments; cakes and pies (once the week); long shelf snacks; spirits and sugar-sweetened beverages; 2) preferential assumption of raw and cooked vegetables, legumes, fresh fruit and nuts; fish, seafood and shellfish; bread and pasta (possibly whole grain) (half portions, ca. 60-70 g), fruit juice with no added sugar, fibers, soy, skimmed milk and yogurt, extra virgin olive oil, coffee, tea, still water. In general, the diet was based mainly on the principles of Mediterranean diet but with some important modifications: it was semi-vegetarian, with a preference for fish instead of meat, and lower gluten content, than the usual Mediterranean diet. A mild physical activity (walking, cycling or even dancing), for 20-30 min, twice the day was also suggested to patients.
Dietary supplements, daily dosage, and duration of administration 
Neurological examination and questionnaires
The patients had a neurological examination including Kurtzke Expanded Disability Status Scale (EDSS) and Fatigue Severity Scale (FSS) at t0/t3/t6 months. They also completed the Quality of life measured by The Short Form (SF-36) questionnaire and the Hamilton Rating Scale for Depression (Ham-D) questionnaire at t0, t3, and t6.
Biochemical analyses
Serum fibrinogen, cholesterol, transaminases, triglycerides, creatinine, and calcidiol [25(OH)D 3 ] analyses were performed in private laboratories following gold-standard methods of analysis for each parameter.
Fatty acids determination
Serum concentration of n-3 (EPA, DHA) and n-6 PUFA (ARA) was measured following the method described by Marangoni et al., 45 with some modifications. Briefly, five hundred microliters of plasma were transferred to teflon screw-capped glass vials, with 1 mL of 3 N MeOH/HCl and maintained in a dry bath at 90 C for 1 h. Then 1 mL of a saturated solution of KCl was sequentially added to each sample, and the fatty acid methyl esters (FAME) were finally extracted using 1 mL of n-exane twice. The samples were injected into an Agilent Technologies 6850 Series II gas chromatography (Santa Clara, CA) equipped with split/splitless injection port, programmed temperature vaporizer (PTV), flame ionization detector (FID), and a 100-m fused-silica capillary column (Supelco, St. Louis, MO) coated with cyanopropyl methyl silicone (0.25 mm film thickness). Helium was used as the carrier gas and the flow rate was 1.8 mL min À1 at a split ratio of 1:30. The PTV temperature was 60 C Â 0.1 min., up to 260 C with a rate of 500 C/min. The FID temperature was 260 C. The oven temperature was set at 140 C for 5 min, ramped to 175 C at 4 C/min, hold 20 min and finally ramped to 240 C and hold 1 min for gas chromatography separation. The analyses were done in duplicates for each sample.
Zymographic analysis of serum gelatinases
Serum gelatinolytic activity was assessed by 1D and 2D gelatin gel zymography according to the established procedures. 46 1D zymography (1-DZ) was carried out as follows. Aliquots of sera containing 25 mg of proteins were supplemented with 15 mL of the non-reducing electrophoresis loading buffer (4% SDS, 12% glycerol, 0.01% bromophenol blue, 50 mmol/L Tris-HCl at pH 6.8) and analyzed in 8% polyacrylamide gel copolymerized with 0.1% (w/v) gelatin. Stacking gel contained 4% polyacrylamide. Electrophoresis was carried out on a Mini-PROTEAN Tetra Cell system (Bio-Rad) at 4 C for 90 min at 150 V. Precision Plus, Protein Standards Dual Color (Bio-Rad) were used as molecular weight markers. After electrophoresis, the gel was washed (2 Â 40 min) in 2.5% (w/v) Triton X-100, 20 mmol/L Tris-HCl, pH 7.5 (washing buffer) in order to remove SDS, then incubated for 14 h at 37 C in developing buffer: 1% (w/v) Triton X-100, 20 mmol/L Tris-HCl pH 7.5, 10 mmol/L CaCl 2 . For the development of enzyme activity, the gels were stained with Coomassie Brilliant Blue R-250, destained in methanol/acetic acid/H 2 O and scanned using an ImageMaster DTS (Pharmacia Biotech) scanner.
Statistical analyses
To test for mean differences in each of the variables (waist circumference, cholesterol, creatinine, fibrinogen, etc.) among experimental groups, nested model ANOVAs with ''group'' (PPDI, RRT, RRTD, and RRTDI) as main effect and ''time'' (0, 3, and 6 months) nested within ''group'' were used.
Tukey post hoc tests for multiple comparisons of means were also performed to detect significant differences among the treatments of significant factors in the ANOVAs.
All the analyses in the present study were performed with R.3.0.0 software (R Core Team, 2013).
Results

Patients
Of 43 patients, 49 (29F/10M) followed the prescriptions to completion. Two patients of the RRTDI group, and two patients of the PPDI group, withdrew from the study, because they did not like fish or fish oil and were not satisfied with the nutritional treatment ( Figure 1) ; Enrolled (43) To completion (39) 10 RRT (8F/2M) 10 (8F/2M) 11 RRTD (10F/1M) 11 (10F/1M) 12 RRTDI (10F/2M) 10 (8F/2M) 10 PPDI (5F/5M) 08 (3F/5M) All patients, including the control group of RRMS, received vitamin D 3 . One out of the two RRMS groups under dietary control and the PPMS group received dietary supplements in addition to vitamin D 3 . These dietary supplements given in addition to vitamin D 3 (2 out of four groups) were: i) fish oil containing the omega-3 (n-3) longchain PUFA EPA and DHA, alfa-lipoic acid and vitamin E; ii) resveratrol and iii) the multivitamin complex.
Vitamin D status
Vitamin D 3 status was assessed by measurement of serum concentration of calcidiol, 25 hydroxyvitamin D 3 , and [25(OH)D 3 ].
As reported in Table 1 ). The reference scale used for 25-hydroxyvitamin D 3 (25(OH)D 3 ) was: deficiency <25 nmol/L (<10 ng/mL), insufficiency (25-50 nmol/L or 10-20 ng/mL), and suboptimal status (50-75 nmol/L, 20-30 ng/mL). Figure 2 shows the plasma concentrations of vitamin D at baseline, after three months and six months, respectively. No significant effect of cholecalciferol administration for three or five months was recorded. Mean values of 25(OH)D3 were significantly higher in RRTDI group, when compared with the corresponding RRT and RRTD, and in PPDI group when compared with RRTD.
Taken together, data showed no significant differences in the same group of patients during the treatment period. Diet or diet combined with dietary supplements had no significant influence on diet on vitamin status of patients. No seasonal fluctuation in 25(OH)D 3 was observed, although its levels had in all groups a slight increase in the spring.
Serum n-3 PUFA Table 2 shows serum concentrations of PUFA. Data showed that the magnitude of concentrations was in the order ARA >> DHA > EPA. In general, the concentration of n-3 PUFA (EPA and DHA) increased in all groups under dietary regimen, except in the RRT group. In particular, the mean value of EPA was significantly higher after three months of treatment whereas no differences were found between t3 and t6. For DHA, in RRTD and RRTDI groups, the increase was observed after six months, while in PPDI, the increase was significant from the third month of treatment.
Looking at the ratio EPA þ DHA/ARA (Figure 3 ), data indicated that it did not change significantly over time in the RRT group. Conversely in the other three groups, this ratio increased already after three months. In the PPDI group, there were statistically significant higher levels of EPA and DHA between t3 and t0, as well as between t6 and t0 (Tukey t test P < 0.001). In the other groups (RRTD and RRTDI), a trend to an increased ratio EPA þ DHA/ ARA was observed.
Neurological examination and questionnaires
The results obtained with the neurological examinations of the patients at times t0/t3/t6 are shown in Table 3 for the EDSS and FSS. Both EDDS and FFS values did not change in any group in the course of time.
The results obtained with the SF-36 and Ham-D questionnaires at t0, t3, and t6 are also shown in Table 3 . In both cases no significant differences were observed.
Zymographic assessment of serum gelatinases as a measure of inflammatory status
The inflammatory status of patients at baseline and during the study was assessed by zymographic analyses of serum gelatinases MMP-9 and MMP-2. These MMPs were chosen as markers of the inflammatory status of the patients, and their levels were evaluated by 1-DZ and 2-DZ. This type of assay allows the fine tune of the inflammatory status and the influence of therapy under dietary control and dietary supplements administration also in the short period of the clinical trial. Among the different gelatinase isoforms indicated in Figure 4 , those more indicative for an active inflammatory status are the activated forms of MMP-9, i.e. the Table 1 Mean values of all subjects grouped in the four treatment groups at baseline Values are reported as mean AE SEM. For each fatty acids the mean values with different letters superscript in the same column are significantly different (Tukey's test) as analyzed by one-way analysis of variance (ANOVA).
Figure 3
Percentages of the (EPA þ DHA)/ARA ratios in the different groups of patients in the course of time. The ratio was first calculated for each individual patient (within each group), and then averaged for each group at various times 82 kDa and the 65 kDa MMP-9. This latter can be distinguished from MMP-2 by separation through concanavalin A 47 or by 2-DZ, 46 not shown here. However, in routine assay, 1-DZ is sufficient to provide useful data to assess the presence of activated MMP-9 isoforms, long before that clinical signs or RMI evidences appear. 1-DZs of serum gelatinases are shown in Figure 4 for each patient of the four groups. Densitometric analyses of the band intensities indicate if there is a decrease or increase in serum gelatinases activity and therefore can give information on the effectiveness of the treatment. On the basis of 2-DZ evidences, not shown here, changes in MMP band intensities were here ascribed to the activated forms of MMP-9 and not to MMP-2. As shown in Figure 4 for group RRT, after six months treatment with IFN, a clear reduction of the activated forms of MMP-9 was observed in 5 out of 10 patients (patients 1-3, 5, 7). MMP-9 increased only in patient 10, whereas remained practically unchanged in the other four patients. Going into more detail, in patients 1, 2, 3, and 5, the 82 kDa MMP-9 decreased by 50%, 20%, 80%, and 15%, respectively), whereas in patient 7 both the 82 kDa MMP-9 and the 65 kDa MMP-9 were found to decrease (both by 30%). In patient 10 a 40% increase of the 82 kDa MMP-9 was observed. After six months the mean decrease of the activated 82 kDa MMP-9 level in the RRT group was 39%.
In the RRTD group, the 82 kDa MMP-9 level varied in five patients. In patients 2 and 9, band intensity decreased (by 15% and 20%) whereas in patients 3, 7, and 8, the 82 kDa MMP-9 increased (by 30%, 80% and 20%, respectively). The 65 kDa MMP-9 band intensity decreased only in patient 10 (by 10%). In average, the decrease of the 82 kDa MMP-9 level in the RRTD group was 17.5%.
In the RRTDI group, only changes of the 82 kDa MMP-9 intensities were observed. The intensity of the 82 kDa MMP-9 band decreased in five patients (1-3, 7, 9) , by 10%, 40%, 20%, 90%, and 95%, respectively and increased in four patients (4, 5, 9, 10) (by 10%, 40%, 30% and 70%, respectively), and remained unchanged only in patient 6. At t6, the mean decrease of the 82 kDa MMP-9 level in the RRTDI group was 51%.
In the PPDI group, a decrease of the MMP-9 level was observed in patients 4-7. In patients 4, 5, and 7 the 82 kDa MMP-9 was found to decrease (by 50%, 40% and 85%, respectively), whereas in patient 6 both the 82 kDa MMP-9 and the 65 kDa MMP-9 were found to decrease (by 60% and 20%, respectively). An increase of the 82 kDa MMP-9 was observed in patients 1 (by 40%). Altogether, after six months the decrease of the 82 kDa MMP-9 level in the PPDI group was 59% in average.
In Figure 5 are shown the differences of densitometric values of the bands between t6 and t0. Taken together, the 82 kDa MMP-9 was the only one MMP-9 isoform that increased its activity and this occurred only in nine out of 39 patients (23%). Increase of the 65 kDa MMP-9 was never observed. Conversely, the decrease of the 82 kDa was observed in 16 patients (41%), and the decrease of the 65 kDa was observed in three patients (8%).
Anthropometric measures
Anthropometric data collected over the study are summarized in Table 4 . No significant differences were found over time. For waist circumference, waist/hip and weight, the mean values were higher in PPDI group compared to the RRT group (P < 0.01; P < 0.05 and P < 0.001, respectively), while the mean hip circumference was lower for patients of the RRT group compared to the RRTD (P < 0.05) and PPTD groups (P < 0.05).
Biochemical analyses
No significant variations of cholesterol, HDL, LDL, TGL, fibrinogen, GOT, GPT, and creatinine serum concentration over time were found ( Table 5 ).
The mean cholesterol and creatinine concentrations were higher in patients of the PPDI group compared to the other three groups. For cholesterol, P < 0.01, in all cases. For creatinine, P < 0.05, for RRT, and P < 0.001 in all the other cases.
For HDL, the mean value was lower for patients of the RRT group compared to the other three groups (P < 0.05 for PPDI and P < 0.001 in all the other cases). In the case of fibrinogen, a lower mean value was found for patients of the RRT group compared to RRT and RRTD groups (P < 0.05).
Higher values of waist and hip circumferences and higher levels of creatinine and cholesterol were observed in the PPDI group when compared with the other groups of RRMS. In the same group, a significant decrease of the triglycerides/HDL ratio was observed after six months ( Table 5 ). In RRT group significant lower levels of HDL were determined.
Discussion
Usefulness of a complementary dietary intervention in PPMS patients and in RRMS patients under treatment with IFN-b
The main aim of this study was to investigate the effects of a complementary dietary intervention on the wellness of RRMS and PPMS patients, and to test the compliance of the patients with dietary guidelines. Dietary intervention may be particularly important for PPMS patients, as no therapy is still available for them, but it may be relevant as addon treatment in RRMS patients receiving IFN-b as well.
It can be actually expected that a nutritional intervention based on a calorie-restricted, semi-vegetarian diet, and administration of vitamin D 3 , with or without the other ''healthy'' dietary supplements chosen for this study, may contribute to counteract chronic inflammation, which is a common characteristic of both PPMS and RRMS. The antiinflammatory effect is achieved by the activation of nuclear receptors and enzymes that up-regulate oxidative metabolism, down-regulate the synthesis of pro-inflammatory molecules, and restore or maintain a healthy symbiotic gut microbiota. 20 While low level of vitamin D 3 has been recognized as a potential risk factor for MS, the effects on MS patients of specific diets and dietary supplements, alone or in combination, are still largely unknown. Some studies, focused on the association of vitamin D with IFN-b, suggested that together they can synergistically counteract the disease. 48 A similar synergic effect could be expected from the semivegetarian diet and the dietary supplements in this study. If so, one of the benefits that may derive from a nutritional intervention in RRMS patients could be to reduce the IFNb dosage and hence to obtain the decrease of antibody formation vs. IFN-b. With regard to PPMS, the efficacy of the dietary intervention in lowering the level of chronic inflammation or to prevent its worsening, would mean to slow-down the disease progression.
On these grounds, the added value in associating vitamin D treatment with dietary guidelines is given by the fact that ''healthy'', i.e. anti-inflammatory, dietary factors and life style act both at systemic and gut level. It is indeed well known that endotoxins released from a dysbiotic gut microbiota may contribute to the development of a systemic inflammatory status that in turn may favor MS relapses. Therefore, modification of a dysbiotic gut microbiota by a diet, to balance its composition towards eubiosis, may be a possible strategy to help managing of MS progression. Values are reported as mean AE SEM. For each groups the values with different letters superscript in the same column are significantly different (Tukey's test), whereas mean values with different letters subscript in the same row indicates significant differences within groups (Tukey's test) as analyzed by one-way analysis of variance (ANOVA).
Reasons that may explain the persistence of insufficient values of vitamin D 3
It is now commonly accepted that vitamin D 3 is also an immune-modulatory and anti-inflammatory agent, and it is ascertained that patients with MS and other chronic inflammatory diseases have a low level of vitamin D 3 . 21, 49 So, low vitamin D 3 level may represent a common concause of chronic inflammation. Insufficient levels of active vitamin D may be due to insufficient exposure to sunlight, in consequence of living at low latitudes, as in the geographical distribution of MS. However, this cannot be a relevant aspect in sunny countries as Southern Italy and the area of Matera in particular, having plenty sunshine (9-15 h). To explain this discrepancy, it can be assumed that the insufficient levels of active vitamin D 3 , observed in all MS patients in this study, may be also due to an altered metabolism or function of this vitamin.
In our study administration of RDA doses of vitamin D 3 were insufficient to achieve the target serum level !75 nmol/L (30 ng/mL) of calcidiol (25OHD 3 ). Values higher than 75 nmol/L are considered to be adequate, because this is the minimal value at which vitamin D 3 is significantly bound to its receptor VDR, immunological properties become evident and the parathormone is reaching a plateau. [50] [51] [52] RDA equivalent doses of vitamin D were chosen for the treatment of MS patients, because they are the most frequent doses of administration in common praxis. So, the question arises why in the present study cholecalciferol supplementation failed to increase vitamin D 3 levels. Can this failure be due to metabolic or functional defects?
Low vitamin D levels are increasingly associated with unfavorable metabolic phenotypes, including type 2 diabetes and cardiovascular diseases, which are commonly linked with overweight and obesity. Has already reported, MS patients with low content of vitamin D have significantly higher body mass index (BMI), which could account for the involvement of an altered metabolism, and high BMI before age 20 is associated with 2x increased risk of MS, 53 and with tendency to gut dysbiosis.
As shown in Figure 6 , the metabolic pathway leading to active vitamin D 3 starts in the skin with the UV lightmediated formation of vitamin D 3 (cholecalciferol). In the liver, vitamin D 3 is hydroxylated in position 25 by various cytochrome P450 isoforms (CYP). The most important 25hydroxylases are the mitochondrial CYP21A1 and the microsomial CYP2R1. Their product, the 25(OH)D 3 (calcidiol), is modified in the kidney in the active form of vitamin D 3 : 1a-25(OH) 2 D 3 (calcitriol). This latter is inactivated by a 24(OH) hydroxylase (CYP24A1), which is induced by its substrate.
This means that the down-regulation of the CYP2R1 54,55 and/or CYP27B1-the enzymes responsible of the synthesis of 25(OH)D 3 -and/or the up-regulation of gene expression of the CYP24A1 56 -the enzyme responsible for the inactivation of 1a-25(OH) 2 D 3 (calcitriol)-may lead to misbalance of vitamin D 3 . In other words, the levels of active vitamin D 3 depend on the relative rates of its synthesis via CYP27B1 and its modification via CYP24A1. 57 High CYP24A1 expression (that can be induced, for example, by xenobiotics) might lead to low levels of vitamin D 3 and cause or worsen chronic inflammatory diseases and cancer. If vitamin D 3 levels remain low, in spite of cholecalciferol administration, the expression of CYP24A1 mRNA should be examined, and determination of CYP27B1 and CYP24A1 activities and their inhibition should be tested. 58, 59 It is important to note that vitamin D has a direct effect on the brain, as circulating 25(OH)D 3 can pass through the BBB cells and can be converted in neuronal and glial cells directly to 1a,25(OH) 2 D 3, which then binds to its receptor, VDR. 60 The receptor VDR is the tool by which vitamin D 3 exerts its most important actions. The VDR-D complex controls the expression of several genes involved in processes relevant to inflammation and chronic diseases. In particular, as schematically shown in Figure 7 , the VDR-D complex binds to the retinoic acid-retinoid X receptor (RA-RXR) complex, in competition with other ligand-activated nuclear receptors such as peroxisome proliferator-activated receptors (PPARs) or liver X receptors (LXRs). The heterodimeric complex formed by RA-RXR with VDR-D binds to the pro-inflammatory transcription factor NF-kB and downregulate the synthesis of pro-inflammatory molecules, such as the gelatinase MMP-9. The dietary supplements given in this study (indicated on the right in Figure 7 ) also inhibit inflammation, whereas a ''wrong'' hyper-caloric high animal-fat diet up-regulates the inflammatory processes and favors a dysbiotic gut microbiota. As at least 75 nmol/L of hydroxycholecalciferol are needed to achieve full activation of the vitamin D receptor, 50 it may be concluded that the vitamin D levels detected in the MS patients in our study are insufficient for the formation of the VDR-D complex and VDR activity.
Another aspect to be taken into consideration, when evaluating the effectiveness of vitamin D supplementation in the course of MS, is to consider the eventual polymorphisms affecting the VDR, which has been recently associated with obesity, inflammation, and alterations of gut permeability. 61 In fact, genetic factors might be as important as the effect of season, as it has been shown that besides the vitamin D receptor polymorphism, 25(OH)D 3 levels are significantly related also to single nucleotide polymorphisms (SNPs) in the vitamin D binding protein (DBP), RXR, and CYP2R1 genes. 55, 62 Finally, the significance of the increased circulating levels of DBP observed in MS patients should be investigated, in regard to vitamin D bioavailability and neuroinflammation. 63 Moreover, the finding that that VDR-D activate the Sirtuin SIRT-1, an anti-inflammatory, and anti-aging enzyme 64, 65 suggests that vitamin D can influence also cell metabolism and therefore can indirectly up-regulate oxidative metabolism and down-regulate biosynthetic pathways including those related to the synthesis of pro-inflammatory molecules (Figure 7) . Accordingly, vitamin D was reported to inhibit IL-17 and improve other markers of inflammation and MRI findings in IFN-b-treated patients, although no benefits in terms of clinical efficacy were observed. 66 Furthermore vitamin D can inhibit IFN-g production and is also effective in regulating gastrointestinal homeostasis by inducing regulatory T cells and innate immune responses, as well as favoring epithelial cell integrity, and a healthy composition of the gut microbiota. 67 Furthermore, vitamin D appears to be a potent antioxidant, as it inhibits the formation of free radicals by nitric oxide synthase and gamma-glutamyl transpeptidase. 60 And finally, vitamin D appears to have an important role in brain development by regulating the level of neurotrophic factors. 60 On these grounds, vitamin D may represent a very promising dietary molecule for the treatment of chronic inflammatory diseases as MS. 21, [68] [69] [70] However, when studying vitamin D in experimental models, it should be considered that there might be differences with humans. Actually, in humans, unlike in mice, obesity is associated with poor vitamin D status. 71 
Duration of dietary treatment and usefulness of monitoring the inflammatory status by zymography
In this study no effect of vitamin D supplementation on vitamin D nutritional status of patients was found. This was in disagreement with previous studies showing that six months treatments with cholecalciferol slightly above RDA dosage were sufficient to increase 25(OH)D 3 levels. 55, 72, 73 The baseline levels of vitamin D 3 in our patients, lower than in other studies, might explain the persistence of low values of vitamin D 3 despite the administration of RDA doses of the vitamin. On the contrary, fish oil supplementation was sufficient to increase the ratio EPA þ DHA/ARA (n-3/n-6 PUFA) to a nearly satisfactory level already after three months (Figure 3 ), suggesting that a dietary regimen alone, as in the RRTD group, may be sufficient to increase the EPA þ DHA/ARA ratio, thus potentially ameliorating inflammatory status of patients.
In our study, the anti-inflammatory efficacy of combined therapy-vitamin D, diet, and dietary supplements-was effectively monitored by the zymographic analysis of the gelatinase MMP-9. Our results show that 1-DZ can represent very well the individual response to treatment and that in general there was an improvement in the inflammatory status. In fact, the levels of activated gelatinase MMP-9 increased only in a minority of patients, and the involved gelatinase was only the 82 kDa MMP-9. The 65 kDa MMP-9 level never increased. Among the two gelatinases, the 82 kDa isoform is the first to increase in case of MS worsening. 46 This is understandable, as the 82 kDa MMP-9 can still be inhibited by its natural inhibitor tissue inhibitor of metalloproteinase-1 (TIMP-1), whereas the 65 kDa MMP-9 is TIMP-1 resistant and is the predominant active MMP-9 isoform in the course of MRI activity in MS. 74 The disease worsening observed in eight out of the 29 patients with dietary prescription, might be a matter of both the short treatment duration and inter-individual differences of gut dysbiotic microbiota to change in response to dietary intervention. 
Conclusions
In conclusion, the data obtained in this study provided important indications for the nutritional management of MS patients and future studies aimed to associate treatment with dietary guidelines.
In our study, it was shown that:
1. All MS patients had insufficient or sub-optimal levels of vitamin D 3 . It can be suggested that this is a common condition in MS patients; 2. Vitamin D 3 nutritional status of patients was not ameliorated, neither by administration of vitamin D 3 at ca. 1.5 fold the RDA dose nor by combined administration of IFN-b, with or without dietary management or dietary supplements; 3. A dietary regimen, mainly based on principles of Mediterranean diet, with or without administration of dietary supplements, determined an increase of the rate n-3/n-6 PUFA serum concentration thus supporting the general trend towards an amelioration of inflammatory status. This was established in 12 out of 29 patients, on the basis of reduced active MMP-9 levels in the RRTD, RRTDI and PPMS groups), and of anthropometric parameters as well. PPMS patients were more responsive to the nutritional intervention with fish oil and lipoic acid.
From a practical point of view, data are supporting the idea that the assessment of the nutritional status of vitamin D 3 should be made on a routine basis in MS patients and dosage of vitamin D 3 should be much higher than that used in this study to counteract the sub-optimal vitamin D 3 status. In this respect, it is also evident the need to standardize 25(OH)D 3 measurements towards a specific method. 75 In regard to the assessment of serum gelatinases (by 1-DZ or another method) to evaluate patients inflammatory status, it appears to be a valuable tool to follow the individual response to the therapy. In fact, the disease is complex in nature and unique in the individual course, and no patient responds to therapy in the same way. 10 Furthermore, there are no truly reliable biomarkers that allow for everyone to evaluate the effectiveness of treatment and it is therefore important to discover novel markers of the disease. 76 Further research in larger randomized controlled trials is necessary. However, it is important to note that in all the studies done so far no adverse effects for a nutritional treatment in MS or interferences with therapy were observed. In most cases it has been reported rather an improvement of well-being, if not a clinical improvement.
Recent small size trials based on different nutritional plans to treat MS confirm this position. The McDougall diet had some favorable general health marker change but no significant change in fatigue or MRI, 77 whereas a modified Paleo diet study on SPMS showed significant results in reduction of fatigue severity. 78, 79 Dietary treatments with omega-3 fatty acids 80 or a nutraceutical mixture of omega-3 and omega-6 fatty acids were found to improve patient wellness. 81 In particular, administration of a nutraceutical formula of omega-3 and omega-6 fatty acids including gamma-tocopherol (but without dietary prescriptions) significantly reduced the annualized relapse rate vs. placebo. 81 No adverse effects but a high rate of dropouts (49%) were reported. In our study, the rate of dropouts was just 9%, but only in the groups receiving dietary supplements. We may conclude that patient compliance and acceptability is higher towards dietary prescription than towards supplements, and choice of dietary supplements may be a critical step in nutritional interventions.
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